Abstract. Although the available treatment options have expanded, the survival of patients with metastatic renal cell carcinoma (RCC) remains poor. As patients with RCC lack responsiveness to chemotherapy or radiation, therapeutic options predominantly include surgical interventions and immunomodulatory approaches, including the administration of tyrosine kinase inhibitors (TKIs) such as sunitinib. Natural killer (NK) cells have been reported to be key players in TKI-mediated off-target effects on the immune system. However, only limited information is available regarding the possible impact of sunitinib on the function of NK cells of individual patients. The present study reports on the immunomonitoring results of three patients with metastatic RCC who underwent sunitinib treatment. These results were compared with age-matched, healthy controls in terms of the immune status of T, B and NK cells, focusing on functional in vitro analyses of NK cells. In all three patients, NK cell number, subset distribution and function, as measured by cluster of differentiation 107a degranulation, did not exhibit any significant alterations as a result of sunitinib treatment. These results indicate that sunitinib does not negatively affect NK cell function, which supports the pursuit of therapeutic modalities that combine immunomodulation and NK cell-stimulating approaches.
Introduction
Renal cell carcinoma (RCC) accounts for 2-3% of cancer cases worldwide (1) . The majority of patients with RCC are aged >60 years, and the known risk factors for the disease include cigarette smoking, obesity, high blood pressure, advanced renal disease that requires dialysis, male gender and certain germ line mutations; however, hormonal changes, analgesic abuse, viral hepatitis or exposure to trichloroethylene, cadmium and other potential carcinogens are controversial with respect to their role in RCC risk (2) (3) (4) (5) . The majority of cases of RCC are sporadic, whereas hereditary forms comprise only 2-3% of all cases (6) . The most common subtypes of RCC are clear cell RCC (70-75% of cases), papillary RCC (10-16%) and chromophobe RCC (5%), which primarily metastasize to the lung, liver, bones and brain (7) . Patients with RCC are usually asymptomatic and are often coincidentally diagnosed during an imaging procedure; as a result, 25-30% of patients already have metastatic RCC (mRCC) at the time of diagnosis (8) . Although the number of available treatment options has increased, the survival of patients with mRCC remains poor. As RCCs rarely respond to chemotherapy or radiation, the therapeutic options predominantly include surgical interventions and immunomodulatory approaches. These include treatment with cytokines, such as interferon (IFN)-α and interleukin-2(IL-2). Novel treatments, referred to as targeted therapies, include various tyrosine kinase inhibitors (TKIs), such as sunitinib, sorafenib, pazopanib and axitinib, as well as the monoclonal antibody bevacizumab, which each act on different pathways that inhibit tumor angiogenesis (9) . Alternatively, drugs that inhibit mammalian target of rapamycin, such as temsirolimus or everolimus, may be used as targeted therapies in patients with mRCC.
In their treatment guidelines for RCC, the European Association of Urology concluded that metastasectomy remains the most adequate local treatment for mRCC, with the exception of cases of brain and bone metastases, which are more likely to benefit from radiotherapy in terms of symptomatic relief (2) . In cases in which systemic treatment is necessary, the TKI sunitinib is one of the first-line treatments (10) (11) (12) (13) (14) (15) .
Little is known about the specific effects of sunitinib on the immune system in different individuals. However, the interaction of sunitinib with the natural killer (NK) cells in the patient is of particular interest (16) . NK cells are able to mediate antitumor effects and have thus been used for NK cell adoptive therapy in recent clinical trials (17) . NK cells have further been reported as key players in TKI-mediated off-target effects on the immune system (18) (19) (20) .
In the current study, blood samples from three patients with mRCC who underwent treatment with sunitinib were analyzed. In addition, blood samples from age-matched, healthy controls were analyzed, and a comparison of leukocyte counts and immune statuses of T, B and NK cells was conducted. Furthermore, functional in vitro analyses were performed to investigate whether NK cells may be affected by sunitinib treatment.
Materials and methods
Patients and sample preparation. The current immunomonitoring study was approved by the ethics committee of the Friedrich-Alexander University Erlangen-Nuremberg (Erlangen, Germany), according to the Declaration of Helsinki (approval no. 4146). All patients provided written informed consent.
Samples (10-20 ml heparinized peripheral blood) were collected from 3 patients between June 2010 and June 2011. The inclusion criteria for patients included a minimum age of 18 years and a confirmed mRCC diagnosis. The samples were collected prior to TKI administration (day 0) and then at 3-5, 8-10, 17-23 and 48 (1 patient only) weeks after the start of TKI treatment. Of the 3 patients, 2 were followed-up subsequent to the termination of TKI therapy. Peripheral blood mononuclear cells (PBMCs) were isolated from the samples by density gradient centrifugation (Pancoll human; Pan-Biotech GmbH, Aidenbach, Germany).
Control group characteristics.
The control group consisted of four healthy individuals with an age range of 44-60 years. These individuals were monitored over 91 days. Blood samples were obtained on days 0, 60 and 91.
Flow cytometry. The following mouse anti-human monoclonal antibodies and antibody conjugates were used in different panels: Anti-T-cell receptor α/β-allophycocyanin (APC; dilution, 1:100; cat. no., 130-091-237) and anti-cluster of differentiation (CD) 335-APC (dilution, 1:30; cat. no., 130-092-609; Miltenyi Biotec GmbH, Bergisch Gladbach, Germany); anti-CD4-phycoerythrin (PE) -Cy7 (dilution, 1:100; cat. no., 557852), streptavidin-APC-Cy7 (dilution, 1:500; cat. no., 554063), anti-CD314-biotin (dilution, 1:50;cat. no., 552866) andanti-CD127-PE (dilution, 1:300;cat. no., 557938; BD Pharmingen, San Diego, CA, USA);anti-CD25-PE (dilution, 1:60; cat. no., 341,011), anti-CD336 -PE (dilution, 1:50; cat. no., 558563), anti-CD8-peridinin chlorophyll (PerCP; dilution, 1:100; cat. no., 345774), anti-CD117-PerCP-Cy5. A total of 2x10 6 PBMCs with antibodies were incubated for 10 min at 4˚C in the dark for each staining procedure. The PBMCs were then washed with phosphate-buffered saline (PBS) for 4 min and then suspended in PBS. Staining with DAPI was performed directly prior to cytometric analysis (dilution, 1:6,000, 4˚C, 2 min) to identify dead cells and isotype controls (IgG1-PE, IgG2a-FITC, IgG1-PerCP) were performed prior to analyzing the samples with fluorescence-activated cell sorting (FACS). The samples were examined using a BDFACSCanto II™ (BD Biosciences) with three lasers (488, 633 and 405 nm). The experiment was repeated at least five times before the start of analyzing patients' data, and then performed once with each patient sample. Data were analyzed by FlowJo 7.6.5 software (FlowJo, LLC, Ashland, OR, USA).
Functional in vitro assays.
To determine the activity of NK cells, the extent of degranulation was evaluated by CD107a staining following the incubation of whole blood samples with target cells. Cells from the human MHC-I deficient erythroleukaemic cell line K562 (American Type Culture Collection, Manassas, VA, USA) were used as the target cells. The cells were maintained in Iscove's modified Dulbecco's medium (Invitrogen; Thermo Fisher Scientific, Inc.) containing 10% FCS (Invitrogen; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin.
A total of 200 µl from the heparinized whole blood samples was incubated with 2x10 5 K562 target cells for 3 h at 37˚C, as previously described by Claus et al (21) . Erythrocyte lysis was then performed in an ammonium-chloride-potassium buffer for 10 min at 4˚C; the lysis procedure was repeated 2-3 times for each sample. In order to stain the cells for FACS, PBMC were incubated with anti-CD107a-PE, anti-CD3-APC-Cy7, anti-CD19-PerCP, anti-CD56-FITC, anti-CD16-PE-Cy7 or anti-CD335-APC (as described in the Flow Cytometry section) for 10 min at 4˚C. Staining with DAPI was performed, as previously described, to identify dead cells. For each patient at each time point, the extent of CD107a degranulation was measured in triplicate. To serve as a control for spontaneous degranulation, PBMCs from the samples were incubated without target cells. The FACS data were analyzed using FlowJo 7.6.5 software; the NK cell population was characterized as CD56 To measure IFN-γ production, 2x10 5 freshly isolated PBMC were treated with 100 U/ml or 1,000 U/ml IL-2 (Novartis International AG, Basel, Switzerland) for 24 h in a 96-well round bottom microplate (BD Biosciences) with 200 µl cell culture medium. Supernatants were removed to determine IFN-γ concentration with an ELISA kit (BD OptEIA™ Set; BD Biosciences). Control samples were incubated without IL-2. For each condition (control, 100 U/ml IL2 and 1,000 U/ml IL2) triplicates were performed.
Statistical methods. All analyses were performed using Prism software (GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance was calculated with the Mann-Whitney U-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics. Three patients with advanced mRCC were selected for a case study; these patients were patients A, B and C (Table I) . Patient A, a 60-year-old male, presented with clear cell RCC of stage T3b-N2-M1, with peritoneal carcinomatosis and pulmonary, osseous and muscular metastases. Patient B, a 63-year-old male, experienced multiple osseous, pulmonary, and chest wall metastases from a clear cell RCC. Patient C, a 68-year-old female, presented with a stage pT3a-pNx-cM1 clear cell RCC with sarcomatoid features, as well as multiple pulmonary and mediastinal lymph node metastases.
All three patients were treated orally with 50 mg of sunitinib (Sutent ® ; Pfizer, Inc., New York, NY, USA) once daily for 4 weeks, followed by a 2-week break, in accordance with prescribing information. Patient B underwent a dosage reduction to 37.5 mg daily after 8 weeks due to adverse effects. Patients B and C experienced disease progression, which led to a change from sunitinib to sorafenib for patient C on day 98 and to everolimus for patient B on day 126.
Patients A and B received sunitinib as a first-line therapy prior to surgery, whereas patient C received sunitinib as a first-line therapy immediately subsequent to nephrectomy.
Immunomonitoring during treatment with sunitinib. To evaluate the effects of sunitinib treatment on the immune system of patients with mRCC, blood samples were collected at various time points prior to, during and subsequent to TKI treatment. These samples were analyzed and the following parameters were compared with those of the control group: Leukocyte count (Fig. 1) ; immunomonitoring of T, B, and NK cells (Fig. 2) ; ratio of NK cell subsets (CD16 bright :CD16 dim ; Fig. 3) ; NK cell function, as measured by degranulation capacity (Fig. 4) and IFN-γ production by PBMCs (Fig. 5) .
Patient A. A significant decrease in total leukocyte count from 8.5x10
3 /µl to 3.9x10 3 /µl was observed in patient A within the first four months of sunitinib therapy, which then stabilized and began to rise marginally between days 294 and 336 (Fig. 1A) . Out of the total number of lymphocytes, the percentage of T cells fluctuated between 43 and 71% during follow-up. The percentage of B cells marginally increased between days 0 and 21, and then stabilized slightly higher than the baseline level from day 161 until the end of the study.
The percentage of NK cells decreased by 50% (from 21.5 to 10.4%) between days 21 and 119 and then recovered to baseline ( Fig. 2A) . As shown in Fig. 3A , the ratio of CD16 bright :CD16 dim NK cell subsets decreased between days 0 and 119; however, by day 294, it increased again to a level higher than that on day 0. NK cell degranulation, which serves as an indication of NK cell activity, appeared to fluctuate, although the percentage of CD107a + cells of the total NK cell count remained at a higher level than that in the healthy donor group, with the exception of the values at day 21 (Fig. 4A) . The production of IFN-γ by PBMCs following in vitro stimulation with 1,000 U/ml IL-2 exhibited a significant increase at all time points compared with the starting point (Fig. 5A) .
Patient B. Patient B exhibited a decrease in the total leukocyte count from 9.4x10 3 /µl to 4.8x10 3 /µl within the first month of sunitinib treatment. Subsequently, the total leukocyte count increased during continued sunitinib treatment; however, it did not reach the initial level measured at day 0 (Fig. 1B) . Out of the total number of lymphocytes, the percentages of T and NK cells during sunitinib treatment remained relatively stable at 79-87 and 8-10%, respectively. However, the percentage of NK cells increased to 24% when sunitinib treatment ended. The percentage of B cells in this patient remained low (~0.5%) at all time points (Fig. 2B ) compared with the percentages of B cells in individuals from the healthy donor group (Fig. 2D) . The ratio of CD16 bright :CD16 dim NK cell subsets increased from 10.4 on day 0 to 16.9 on day 56, and continued to increase following the discontinuation of sunitinib treatment (Fig. 3B) . NK cell degranulation, as shown in Fig. 4B , marginally decreased from 45% of CD107a + of the total NK cell count on day 0 to 39% on day 56, and further decreased to 21% following the discontinuation of sunitinib treatment and the commencement of everolimus treatment on day 126. No data are available regarding IFN-γ production on day 0 as an insufficient number of cells were obtained to allow for the isolation of PBMCs; however, on day 28, the production of IFN-γ following in vitro stimulation with 1,000 U/ml IL-2 reached an extremely high level of 3,980 pg/ml. This value decreased under continued sunitinib treatment and further decreased following the change in TKI therapy (Fig. 5B) .
Patient C. In patient C, a decrease in the total leukocyte count from 7.6x10 3 /µl to 4.2x10 3 /µl on day 35 of sunitinib treatment was observed. Subsequently, the number increased, reaching 6.5x10 3 /µl on day 77, which was the last follow-up time point prior to the end of sunitinib treatment and the initiation of sorafenib treatment on day 98 (Fig. 1C) . Out of the total number of lymphocytes, the percentage of T cells during and following sunitinib treatment remained stable at 71-79%, while the percentage of B cells also remained stable at a low level during the entire observation period. The percentage of NK cells during treatment decreased marginally from 22% on day 0 to 16% on day 77. At 5 months after the change in treatment from sunitinib to sorafenib, the percentage of NK cells had further decreased to 10% (Fig. 2C) . The ratio of CD16 bright :CD16 dim NK cell subsets increased continuously from 9.9 on day 0 to 15.3 on day 77, and marginally decreased again following the change in TKI treatment (Fig. 3C) . NK cell degranulation in this patient, measured as the percentage of CD107a + NK cells, reached various values, ranging from 24% (day 35) to 40% (day 77); this value decreased marginally, compared with that on day 77, following the change in TKI treatment (Fig. 4C) . PBMC-associated IFN-γ production following in vitro stimulation with 1,000 U/ml IL-2 led to high IFN-γ values (>200 pg/ml) at baseline and throughout the sunitinib treatment period (Fig. 5C) .
Comparison of patients A, B, and C with the healthy control group.
There was a decrease in the total leukocyte count from 8.5±0.87x10 3 /µl on day 0 to 4.3±0.48x10 3 /µl after the first month of treatment within the patient population. Thereafter, leukocyte counts stabilized and increased again, but did not return to the initial levels by the end of the observation period (Fig. 1) .
In order to assess the relative abundance of different lymphocyte populations, the means ± SD of all data throughout the whole observation period were evaluated. The proportion of T cells in the total number of lymphocytes remained relatively stable in all patients (patient A, 57.1%±11.5; patient B, 80.7%±7.6; patient C, 78.9%±5.1) and in the control group (79.5%±7.4). The proportion of B cells was also relatively stable in the patient group (patient A, 3.83%±1.1; patient B, 0.5%±0.3; patient C, 0.8%±0.2). Compared with the control group (5.6%±1.5), the proportion of B cells was observed to be lower in patient samples at all time points, including prior to the initiation of sunitinib treatment. The relative abundance of NK cells was 12.9%±6.9 in the control group and 7-21% in the mRCC group (patient A, 16.9%±4.1; patient B, 13.2%±7.2; patient C, 16.7%±4.4). There was a wide range of NK proportions in patients and controls, but no significant alteration in NK proportion was observed following sunitinib treatment (Fig. 2) .
The ratio of CD16 bright :CD16 dim NK cell subsets varied within the mRCC and the control groups. No trend was identified in terms of alterations in the NK cell subset ratio during sunitinib treatment (Fig. 3) . NK cell degranulation, as measured by the percentage of CD107a-expressing NK cells, was efficiently stimulated by the incubation with K562 target cells in the mRCC and healthy donor groups. There was a significant increase of CD107a surface expression in the mRCC patient and healthy donor samples compared with the control specimens of the same PBMC-associated IFN-γ production was efficiently induced by 24 h of incubation following in vitro stimulation with 1,000 U/ml IL-2 in the patient and healthy donor groups. Notably, higher mean values were measured in the patient group (mean ± SD of all data measured at different time points, as follows: Patient A, 273±137 pg/ml; patient B, 506±2,144 pg/ml; patient C, 699±385 pg/ml) compared with the control group (54±27 pg/ml; P<0.001, patients vs. healthy donors treated with 1000 U/ml IL-2; Fig. 5 ).
Discussion
Within the last two decades, numerous new strategies have been developed to improve overall survival, quality of life and disease regression in patients with advanced RCC (1, (4) (5) (6) 16, 19) , and TKI therapy has been shown to be an important treatment modality in addressing these objectives (10, 12, 13) . Nevertheless, data are limited on how TKIs may interact with the immune system of an individual patient (16, 19) . The present study analyzed the influence of the TKI sunitinib on the cellular immunity of three patients with mRCC, focusing specifically on NK cell phenotype and functionality as potential targets for novel immunomodulatory treatment options.
A decrease in the total leukocyte count was observed in all patients within the first month of sunitinib therapy; however, this stabilized and increased again during continuous TKI treatment. Although patients with mRCC, as compared with healthy controls, appeared to have a lower percentage of B cells even prior to treatment, the percentages of T and B cells out of the total number of lymphocytes remained relatively stable over the observation period. A decline in the total number of T cells, as previously demonstrated by Powles et al (22) , could not be confirmed in the present study. The percentages of NK cells were variable within the patient and control groups. These variations maybe the result of several factors that inhibit or activate NK cells, such as different pre-treatment regimens, states of disease or concomitant diseases. Notably, no elevated infection rate was observed in the sunitinib-treated patients.
Importantly, in all three patients, NK cell number, subset distribution, and extent of degranulation did not exhibit any significant changes that could be associated with sunitinib treatment. The present study has confirmed in vivo what was previously demonstrated by Krusch et al (16) in vitro; specifically, there is no negative influence to NK cells CD107a expression and no decline in cytokine production, including of IFN-γ, by PBMC when treated with sunitinib. The enhanced activity rate of PBMC and NK cells during and prior to therapy with sunitinib may be associated with the underlying disease mechanics of mRCC. Notably, an increased activity of the immune system such as elevated secretion of IFN-γ, IL-2 and IL4, by CD4 + cells in patients with renal cancer has been described (23) (24) (25) (26) .
In conclusion, the current case series revealed no negative impact on NK cell number or function under sunitinib treatment. B cell percentages appeared to be reduced in the mRCC patients independently of the sunitinib therapy. B and T cell counts were not observed to be negatively affected by continued sunitinib treatment. The limitations of the current study include the small numbers of mRCC patients and controls. Nevertheless, the results suggest that treatment strategies involving NK cells, such as adoptive NK cell transfer (17, 19) , may potentially be used in combination with sunitinib and may offer a feasible treatment option for patients with mRCC in the future. Further trials are required to evaluate the effects of TKIs in larger cohorts. 
